We demonstrate the fabrication process of millimeter-size lithium niobate (LiNbO 3 ) whispering-gallery-mode (WGM) disk-resonators. We fabricate both x-and zcut disk-resonators, starting from commercially available LiNbO 3 disks with diameters of 12 mm and thicknesses of 1 mm. We characterize these two WGM resonators using a prism coupling configuration. We find that both resonators feature high loaded quality factors, in both cases higher than 10 7 at 1550 nm. We also investigate the polarization and thermal effects in these disk-resonators. The design of high-Q LiNbO 3 disk-resonators with different orientations using the same platform will allow for a wide variety of potential applications in nonlinear and quantum photonics.
Introduction
Optical whispering gallery modes (WGMs) are electromagnetic modes confined in circular dielectric resonators, where light beams are guided along the circumference of the resonators by total internal reflection. Among these WGM resonators, mm-size disk-resonators have attracted great attention in recent years. Their quality (Q ) factors can reach significantly high values, close to the material absorption limit, resulting in exceptionally long photon lifetimes (up to few tens of μs) in strongly confined modes. This excellent feature allows for a wide range of applications such as lasing, sensing, time-frequency metrology, as well as lightwave and microwave technology [1] - [7] .
Mechanical polishing techniques provide an efficient method to fabricate WGM disk-resonators with various host materials, such as calcium fluoride [8] - [11] , magnesium fluoride [12] - [18] , barium fluoride [19] - [21] , strontium fluoride [22] , lithium fluoride [23] , or even diamond [24] , [25] , amongst other crystals. In particular, lithium niobate (LiNbO 3 ) has been successfully used to fabricate WGM disk-resonators, leading to numerous applications in optics and microwave photonics, such as electro-optic modulators, photonic microwave receivers, tunable optical filters, second harmonic generation, etc. (see [26] - [39] and references therein). However, it is still a difficult task to fabricate high Q resonators by mechanical polishing. On the one hand, the fabrication of LiNbO 3 diskresonators usually requires much efforts and time because of its high hardness. On the other hand, it is not easy to achieve a very high Q factor due to the limitation of the relatively high absorption loss for this material.
In this paper, we report the fabrication process of high Q LiNbO 3 WGM disk-resonators in both the x-and z-cut orientations. Our disks have a diameter of 12 mm and a thickness of 1 mm. To the best of our knowledge, this is the first time that an high Q mm-size x-cut LiNbO 3 disk-resonator is demonstrated. We characterize these two disk-resonators using a prism coupling experimental setup, and both of them are demonstrated to feature high Q factors (>10 7 ). Our disk-resonators also show different coupling efficiencies under different polarization states. Furthermore, we study in detail thermal effects in the x-cut LiNbO 3 disk-resonator, and present the time evolution of WGM resonances. It should be noted that TM modes in an x-cut LiNbO 3 disk-resonator experience varying refractive index and nonlinear coefficient along the circumference. This unique feature, together with its high Q factor and excellent electro-optic effect, enables various potential applications of LiNbO 3 WGM disk-resonators in optics and microwave photonics.
The outline of the article is the following. In the next section, we describe in detail the fabrication process of the resonators. Then, we present the experimental setup used to pump them, and we explore the sensitivity of the coupling with the input polarization. Section 4 is devoted to investigations related to the Q -factor of the x-and z-cut resonators, as well as their sensitivity with input polarization and pump-induced temperature shifts. The last section concludes the article.
Fabrication Process
The WGM resonators were fabricated using commercially available LiNbO 3 disks with diameters of 12 mm and thicknesses of 1 mm. The disks were provided by Korth Krystalle GMBH. As the Q -factor of a WGM resonator depends in part on its surface roughness, the rim of the disk should be very smooth to allow for a high Q factor. The aim of the fabrication process is to reduce the surface roughness to the smallest value possible. An air-bearing spindle motor was used to spin the disk, and different powders were used to reduce the roughness of the surface rim [40] . In general, the fabrication is divided into three steps: grinding, smoothing and polishing. In the grinding stage, wood supports covered with oil-mixed abrasive powders (29 μm and 9 μm, respectively) were brought in soft contact to the spinning disk. The rim of the disk was therefore gradually modified and led to converge to a V-shape during this process. In the smoothing process, tissues covered with mixtures of abrasive particles (6 μm and 3 μm) were used to remove the scratches and stripes caused by the grinding process. Due to the high hardness of LiNbO 3 , this process would usually take much more time, and a shining rim could be observed in the microscope at the end of this process. Finally we went to the polishing process, where much smaller mixtures of abrasive particles (1 μm) were used to polish the rim. The surface roughness would be further reduced and a very smooth and shining rim surface could be observed in the microscope at the end of this process. When the three steps were performed, the disk-resonator was expected to have a high Q factor, as it can be seen in Fig. 1 where our resonators are coupled in the red. We have fabricated both z-cut and x-cut high Q LiNbO 3 disk-resonators using this technique.
Experimental Setup
The schematic representation of the experimental setup for the high Q LiNbO 3 WGM diskresonators is shown in Fig. 2 . A tunable continuous wave (cw) laser with sub-kHz instantaneous linewidth is used to excite WGM resonances in the disk-resonators, when the laser wavelength is scanned near 1550 nm using a piezo-driver controlled by a function generator. The polarization state of the laser beam is adjusted with a fiber polarization controller (PC). The first pigtailed gradient-index (GRIN) lens (L1) focuses the incident beam on the interface of the prism for WGM coupling, and the second one (L2) collects the output beam into a single-mode optical fiber. Then the output is detected by a photodetector (PD) and monitored with a high resolution digital oscilloscope (InfiniiVision DSO-X 2014A, 100 MHz bandwidth and 2 GSa/s acquisition).
Because of the high refractive indices of LiNbO 3 (n e = 2.138 at 1550 nm for z-cut LiNbO 3 ), we use a rutile prism with higher refractive indices (n e = 2.694 at 1550 nm) to couple the laser beam into the disk, as displayed in Fig. 2 . The prism coupling is realized through frustrated total internal reflection, where the incident angle should be chosen to fulfill the condition of the total internal reflection. We choose different incident angles for the z-cut and x-cut coupling, since the effective refractive indices of z-cut and x-cut LiNbO 3 resonators could be different depending on the beam polarization state and relative coupling position. It should be noted that when light is coupled to a lithium niobate resonator using a rutile prism, only one polarization at a time can be coupled because of the difference between ordinary and extraordinary indices in rutile and lithium niobate. However, both polarizations can be coupled simultaneously using a lithium niobate coupler [41] . A three-dimensional stage is also used to finely control the gap between the prism and resonator, which should be within the skin depth of the evanescent wave.
Results and Discussions

Z -Cut LiNbO 3 Disk-Resonator
We first investigate the z-cut LiNbO 3 disk-resonator. When the gap between the prism and disk is sufficiently small, WGM resonances could be excited in the disk-resonator, and several transmission dips can be observed in the oscilloscope. Fig. 3(a) shows one of the dips when the laser is scanned around one WGM resonance. The transmission dip is fitted with a Lorentzian line shape to evaluate the Q -factor of the disk-resonator. The full width at half maximum (FWHM) of the Lorentzian fit is f = 16.2 MHz, yielding a Q factor of 1.2 × 10 7 . In addition, the small dip contrast of Fig. 3 (a) suggests that the disk-resonator could be in the under-coupling regime, where only a small fraction of the laser power is coupled into and out of the disk-resonator, resulting in a very low coupling loss. Such small dips could also result from a non-optimal coupling angle. Generally, the quality factor Q can be expressed as Q is also very small when the disk-resonator is under-coupled. Therefore the Q factor of this z-cut LiNbO 3 disk-resonator could be mainly limited by the high material absorption loss of LiNbO 3 .
It is noteworthy that this coupling system is very sensitive to the polarization state of the laser beam, due to the birefringences of the rutile prism and the LiNbO 3 resonator. Under different polarization states, the transmission and reflection directions of the laser beams are slightly different, resulting in different WGM coupling efficiencies. One should also note that the WGM resonance is polarization-dependant. In order to achieve a maximum coupling efficiency, the polarization state of the input beam should be adjusted to match with the one of WGM resonances. Fig. 4(a) shows the transmission spectra obtained under different polarization states. It can be seen that the same group of WGM resonances shown in different colors are excited in the resonator, when the laser beams are in different polarization states. However, these resonances experience different coupling efficiencies as a result of polarization mismatch. The blue curve shows the maximum dip contrast, suggesting that a maximum coupling efficiency is achieved at the corresponding polarization state.
X -Cut LiNbO 3 Disk-Resonator
Now we consider the case of the x-cut LiNbO 3 disk-resonator. An interesting characteristic of the x-cut LiNbO 3 disk-resonator is that TM modes experience varying refractive index and nonlinear coefficient along the circumference, leading to potential applications in nonlinear optics such as parametric oscillations or second harmonic generation [42] - [47] . We are able to measure the Q factor of this x-cut disk-resonator using the same experimental setup of Fig. 2 . However, the incident angle of the laser beam should be adjusted specially to fulfill the phase matching condition for TMpolarized WGM excitation that is dependent on the relative position of the x-cut disk. As shown in Fig. 3(a) , high-Q resonances can be excited as well in these resonators. The minimum linewidth is 10.9 MHz, yielding a Q -factor of 1.8 × 10
7 . This quality factor is higher than that of the z-cut resonator, suggesting lower optical losses in the x-cut resonator. The polarization dependence for this resonator is displayed in Fig. 4(b) .
We also investigate thermal effects in our WGM resonators. WGMs would usually experience temperature change when the laser is coupled into the resonator, giving rise to a wide variety of complex phenomena, including thermal relaxation oscillations [48] , [49] . For a WGM resonator, the temperature dependence of a resonance of wavelength λ 0 can be expressed as λ 0 = (2π/ 0 ) n eff (T 1 )R eff (T 2 ), where n eff (T 1 ) is the effective refractive index, R eff (T 2 ) is the effective radius of the resonator, and 0 is the mode number, T 1 and T 2 are respectively the temperatures of the mode area and the overall resonator. It should be noted that both n eff (T 1 ) and R eff (T 2 ) are temperature dependent. When the laser is repeatedly coupled into the resonator and consequently heats it, temperatures of T 1 and T 2 will keep increasing, resulting in the changing of n eff (T 1 ) and R eff (T 2 ), and eventually causing the wavelength shift. This wavelength shift could be expressed as: λ 0 /λ 0 = α 1 T 1 (t) + α 2 T 2 (t), where λ 0 is the wavelength shift caused by thermal effects, T 1 (t) and T 2 (t) are respectively the temperature changes of the mode area and the overall resonator, and α 1,2 are the corresponding thermal coefficients. The first term in the right-hand side represents the thermo-optic effect, corresponding to fast time-scale thermal transfers, and the second term represents the thermal expansion effect, which is generally much slower, since it takes much more time for the heat to diffuse from the mode volume to the full volume of resonator.
Previous research has evidenced photo-refractivity in lithium niobate (see for example [50] , [51] ). We have followed the resonance drift dynamics in a minute-timescale in Fig. 5 . We switch on the laser (with 35 mW continuous-wave power) to heat the resonator and switch off to cool it. The data are recorded every minute when the laser is continuously coupled into the x-cut LiNbO 3 disk resonator, except that there are 30 seconds of natural cooling by turning the laser off, before the measurement at the third minute. We take the first measurement when the laser is on, as shown in timetrace at 0 min in Fig. 5 , and the second and third measurements are taken after the laser is switched on for 1 minute and 2 minutes. Then we turn the laser off, let the resonator cool for 30 seconds. The laser is turned on again, and we take the fourth and fifth measurements at the third and fourth minutes, as shown in Fig. 5 . One can see from the resonance at 1, 2 and 4 min, that the WGM resonance is red-shifted when the laser is continuously coupled to the resonator, which is thereby heated. Due to the 30 s-cooling when the laser is switched off, the WGM resonance at 3 min is shifted back to the position of 0 min. This difference in frequency shift direction between the laser on and off states confirms the reversibility of the thermal effects in the resonator. Fig. 6 . We find that the wavelength of the left WGM resonance is shifted by ∼ 60 MHz by thermal effects in 30 minutes. In addition to the redshift of WGM resonances, one can see the mode competition between these two WGM resonances. At the beginning, the left WGM resonance is the dominant mode in the resonator [see Fig. 6(a) ]. As the coupling time increasing, the dip contrast keeps decreasing for the left resonance while it keeps growing for the right one [see Fig. 6 (b) and (c)]. As the coupling time keeps increasing, the right resonance eventually becomes the dominant mode [see Fig. 6(d) ]. This mode competition which is powered by the temperature change of the resonator is an indication of the complex thermal dynamics in these resonators.
Conclusion
We have reported the fabrication process of mm-size LiNbO 3 WGM disk-resonators in both the x-and z-cut orientations using the same platform. We have used a rutile prism to couple the laser beam into the disk-resonators and then evaluated the Q factors of the two disk-resonators, which were found to be higher than ten millions. Furthermore, we have studied in the influence of input polarization and thermal load in the disk-resonator. The second order nonlinearities of these high-Q resonators offer unique possibilities for many potential applications in optics and microwave photonics. Future research will consider further increasing of the Q -factors of our resonators (such as in [52] ) in order to implement optical filters for time-frequency metrology applications [53] , [54] . We will also investigate competing nonlinearities in such resonators [55] , [56] , as well as the quantum properties of the intracavity fields [6] , [57] , [58] .
